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Using 2.93 fb−1 of eþe− collision data taken at a center-of-mass energy of 3.773 GeV with the BESIII
detector, we report the first measurements of the absolute branching fractions of 14 hadronic D0ðþÞ decays







0π0η, and πþπ−π0η; Dþ → K0Sπ
þη, K0SK
þη, K−πþπþη, K0Sπ
þπ0η, πþπþπ−η, and πþπ0π0η. Among
these decays, the D0 → K−πþη and Dþ → K0Sπ
þη decays have the largest branching fractions, which
are BðD0 → K−πþηÞ ¼ ð1.853 0.025stat  0.031systÞ% and BðDþ → K0SπþηÞ ¼ ð1.309 0.037stat
0.031systÞ%, respectively. The charge-parity asymmetries for the six decays with highest event yields
are determined, and no statistically significant charge-parity violation is found.
DOI: 10.1103/PhysRevLett.124.241803
Hadronic D decays provide an ideal platform to explore
strong and weak effects in decays of hadrons with charm or
bottom quarks. Tests of lepton flavor universality (LFU)
with semileptonic B decays are important to explore new
physics beyond the standard model (SM). In recent years,
the branching fraction (BF) ratios Rτ=l ¼
BB→D̄ðÞτþν̄τ=BB→D̄ðÞlþν̄l (l ¼ μ, e) measured by BABAR,
Belle, and LHCb [1–8] were found to deviate from the SM
prediction by 3.1σ [9]. It is argued in Ref. [10] that the
exclusive hadronic D0ðþÞ decays to η are key potential
backgrounds in these tests. However, the known exclusive
D0 and Dþ decays to final states with an η meson only
account for 44% and 16% of their corresponding inclusive
rates [11], respectively. In particular, the BFs for the decays
D → K̄πη, KK̄η, K̄ππη, and πππη (excluding narrow peaks
K0S, η, ω, η
0, and ϕ in individual mass spectra) are poorly
known, except for relative measurements of D0 → K−πþη
[12] and D0 → K0Sπ
0η [13]. Measurements of the BFs of
these decays are crucial to address the tensions found in
Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.
PHYSICAL REVIEW LETTERS 124, 241803 (2020)
241803-3
LFU tests with semileptonic B decays. Furthermore,
combining the measured BFs with the corresponding
amplitude analysis results gives important information
on two-body hadronic D decays. This is essential for
improving the understanding of quark U-spin [14–16]
and SU(3)-flavor symmetry breaking effects, thereby ben-
efiting theoretical predictions of D0D̄0 mixing and charge-
parity (CP) violation in D decays [16–23].
Studies of CP violation in the weak decays of hadrons
are powerful tools for understanding physics within the SM
and searches for physics beyond it. The CP violation in D
decays is predicted to be up to a few times 10−3 [23–29]
and has been recently observed to be ð1.54 0.29Þ × 10−3
inD0 → KþK− and πþπ− decays by LHCb [30]. However,
knowledge of CP violation inD decays is still very limited.
Searching for CP asymmetries in hadronic D decays,
which have been much less explored than (semi-)leptonic
decays, allows for a more comprehensive understanding of
CP violation in the D sector.
This Letter reports the first measurements of the absolute











πþπ0π0η. Throughout this Letter, the charge conjugate
processes are implied unless stated otherwise. In addition,
the CP asymmetries are determined for the six decays with
the highest yields. To avoid double-counting previously
measured decays, the narrow peaks for the K0S, η, ω, η
0, and
ϕ are removed from the mass spectra of the πþð0Þπ−ð0Þ,
πþπ−π0, πþπ−π0, πþð0Þπ−ð0Þη, and KþK−ðor πþπ−π0Þ
combinations, respectively.
The data sample was collected with the BESIII detector
at a center-of-mass energy
ffiffi
s
p ¼ 3.773 GeV and has an
integrated luminosity of 2.93 fb−1 [31]. Details about the
design and performance of the BESIII detector are given in
Ref. [32]. The Monte Carlo (MC) simulated events are
produced with a GEANT4-based [33] detector simulation
software package. An inclusive MC sample, including
D0D̄0, DþD− and non-DD̄ decays of the ψð3770Þ, initial
state radiation production of the ψð3686Þ and J=ψ , and the
processes eþe− → qq̄ (q ¼ u, d, s) and eþe− → ðγÞlþl−
(l ¼ e, μ, τ), is produced to determine the detection
efficiencies and to estimate any potential backgrounds.
The production of the charmonium states is simulated by
the MC generator KKMC [34]. The measured decay modes
of the charmonium states are generated using EVTGEN [35]
with BFs from the Particle Data Group [11], and the
remaining unknown decay modes are generated by
LUNDCHARM [36].
The BFs of the hadronic D (D0 or Dþ) decays are
measured via the reaction chain eþe− → ψð3770Þ → DD̄.
If a D̄ meson is fully reconstructed, it is called a single-tag
(ST) D̄meson. The STD− mesons are reconstructed via the




þπ−π−, and KþK−π−, while the ST D̄0 mesons are
reconstructed using the decays D̄0 → Kþπ−, Kþπ−π0, and
Kþπ−π−πþ. If a signal decay is fully reconstructed in the
system recoiling against an ST D̄ meson, the candidate
event is called a double-tag (DT) event. The BF of the
signal decay is given by





ST and NDT are the total ST and DT





STÞ=NST is the effective efficiency for detecting the
signal decay, averaged over tag mode i, where ϵST and ϵDT
are the efficiencies for detecting ST and DT candidates,
respectively.
We use the same selection criteria for K, π, K0S, γ, and
π0 as were used in Refs. [37–43]. Candidates for η are
reconstructed from γγ pairs with invariant mass within
ð0.515; 0.570Þ GeV=c2. To improve resolution, a one-
constraint kinematic fit is imposed on each γγ pair to
constrain their invariant mass at η nominal mass [11]. For
D̄0 → Kþπ−π−πþ tags, the D̄0 → K0SK
π∓ decays are
rejected if the mass of any πþπ− pair falls in the
range ð0.478; 0.518Þ GeV=c2.
Tagging D̄ (signal D) mesons are identified by two
variables, the energy difference ΔEtag ðsigÞ ≡ Etag ðsigÞ − Eb
and the beam-constrained mass Mtag ðsigÞBC ≡ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2b − jp⃗tag ðsigÞj2
q
, where tag (sig) represents the tagging
D̄ (signal D), Eb the beam energy, and p⃗tag ðsigÞ and Etag ðsigÞ
the momentum and energy of the D̄ðDÞ candidate in the
eþe− rest frame. For each tag (signal) mode, if there are
multiple combinations, only the one with the minimum
jΔEtag ðsigÞj is kept for further analysis. The D̄ tags are
required to satisfy ΔEtag ∈ ð−55; 40Þ MeV for the modes
containing π0 in the final states and ΔEtag ∈
ð−25; 25Þ MeV for the other modes. The yields of ST D̄
mesons are obtained from binned maximum likelihood fits
to the MtagBC distributions of the accepted ST candidates
following Refs. [37–41]. The total ST D− yield is
NSTD− ¼ 1558159 2113stat. The total ST D̄0 yield is
NSTD̄0 ¼ 2327839 1860stat for self-conjugate signal D0
decays. For the flavor specific signal decays D0 → K−πþη
and K−πþπ0η, we remove doubly Cabibbo suppressed
decays from the ST selection, giving NST D̄0 ¼ 2 321 430
1860stat for these decays.
For the signal D decays recoiling against the D̄ tags,
tracks are selected from the residual tracks that have not been
used for the tag reconstruction. The signal D decays are
selected by using theΔEsig requirements as listed in Table I.
For the πþπ−½π0π0, πþπ−π0, πþπ−π0, πþð0Þπ−ð0Þη, and
KþK− combinations, the K0S, η, ω, η
0, and ϕ contributions
are rejected by requiring their invariant masses to be out-
side ð0.468; 0.528Þ GeV=c2 ½ð0.438; 0.538Þ GeV=c2],
ð0.498; 0.578Þ GeV=c2, ð0.732; 0.832Þ GeV=c2, ð0.908;
1.008Þ GeV=c2, and ð0.990; 1.390Þ GeV=c2, respectively.
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These correspond to at least five times the fitted mass
resolution away from individual nominal mass. For D0 →
K0Sπ
þð0Þπ−ð0Þη [πþπ−π0η] decays, no aforementioned mass
requirements of the K0S½ϕ are imposed on the πþð0Þπ−ð0Þ
[πþπ−π0] combinations, due to the small BFs and the limited
phase space (PHSP) of the background channels D0 →
K0SK
0
Sη [ϕη]. The opening angle between signal D and
tagging D̄ is required to be greater than 160°, with a loss of
(2–6)%of the signal, to suppressmisformedDD̄ candidates.
ForD → K̄ππ0η, the peaking backgrounds (PBKG) ofD →
K̄ππ0π0 are rejected if any K̄ππ0π0 combinations satisfying
ΔEK̄ππ0π0 ∈ ð−0.05; 0.05Þ GeV and MK̄ππ0π0BC ∈ ð1.83;
1.89Þ GeV=c2 can be found in the same candidate events.
The combination of these requirements rejects more than
75% of the background and keeps (93–97)% of the signal.
To determine the DT yields in the data (NfitDT), a two-
dimensional (2D) unbinned maximum likelihood fit is
performed on the MtagBC vs M
sig
BC distribution of the accepted
DT candidates (see Fig. 1 of the Supplemental Material
[44] for an example). Signal events concentrate around
MtagBC ¼ MsigBC ¼ MD, where MD is the nominal D mass
[11]. Background events are divided into three categories.
The first one (named BKGI) is from events with correctly
reconstructed D (D̄) and incorrectly reconstructed D̄ (D).
They are spread along the lines aroundMtagBC orM
sig
BC ¼ MD.
The second one (named BKGII) is from events smeared
along the diagonal, which are mainly from the eþe− → qq̄
processes. The third one (namedBKGIII) comes fromevents
with uncorrelated and incorrectly reconstructed D and D̄.
In the 2D fit, the probability density functions (PDFs) of
the backgrounds are constructed as (i) BKGI:








Þ · gðk; 0; σkÞ, and (iii) BKGIII: cxðx;
Eb; ξx; 12Þ · cyðy;Eb; ξy; 12Þ. Here, x ¼ MsigBC, y ¼ MtagBC,
z ¼ ðxþ yÞ= ffiffiffi2p , and k ¼ ðx − yÞ= ffiffiffi2p . The PDFs for
signal, aðx; yÞ, bðxÞ, and bðyÞ, are described by the
corresponding MC-simulated shapes. cfðf;Eb; ξf; 12Þ is
an ARGUS function [45] defined as Af · f·
½1 − ðf2=E2bÞ1=2 · eξfð1−f
2=E2bÞ, where f denotes x, y, or z;
Eb is fixed at 1.8865 GeV=c2; Af is a normalization factor;
and ξf is a fit parameter. gðk; 0; σkÞ is a Gaussian function





Eb − zÞp, where σ0 and p are two free parameters.
In addition to these backgrounds, for the decays
D0 → K0Sπ
þð0Þπ−ð0Þη, πþπ−π0η, K−πþπ0η, K0Sπ
0π0η, and
Dþ → K0Sπ
þπ0η, the yields and shapes of the PBKG
components are fixed based on MC simulations. All other
parameters are left free.
Combinatorial πþπ− pairs can also satisfy the K0S
selection criteria and form peaking backgrounds around
the D mass in the MsigBC distribution. This kind of peaking
background is estimated by the data events in the K0S








(1D) signal and sideband regions are defined as Mπþπ− ∈
ð0.486; 0.510Þ GeV=c2 and Mπþπ− ∈ ð0.454; 0.478Þ ∪
ð0.518; 0.542Þ GeV=c2, respectively. For D0 → K0SK0Sη,
2D signal and sideband regions are defined. The 2D
sideband 1 (2) regions are defined as the boxes in which
one (two) of the two πþπ− combinations lie in the K0S
sideband regions and the rest are located in the K0S signal
regions. See Fig. 2 of the Supplemental Material [44] as an
example.
TABLE I. Requirements on ΔEsig, net DT yields in data (NDT), detection efficiencies (ϵsig, including the BFs of
K0S, η, and π
0 as well as correction factors described later), and the obtained BFs (Bsig). Numbers in the first and
second brackets are last two effective digits of statistical and systematic uncertainties, respectively, for Bsig. The
uncertainty is statistical only for NDT. The efficiency of D0 → KþK−η is significantly lower than that of D0 →
K−πþη because of lower selection efficiencies of K−, Kþ, and η due to smaller PHSP as well as ϕ veto in KþK−
mass spectrum.
Decay ΔEsig (MeV) NDT ϵsig (%) Bsig (×10−4)
D0 → K−πþη (−37, 36) 6116.2 81.8 14.22 185.3(25)(31)
D0 → K0Sπ
0η (−57, 45) 1092.7 35.2 4.66 100.6(34)(30)
D0 → KþK−η (−27, 27) 13.1 4.0 9.53 0.59(18)(05)
D0 → K0SK
0
Sη (−29, 28) 7.3 3.2 2.36 1.33(59)(18)
D0 → K−πþπ0η (−44, 36) 576.5 28.8 5.53 44.9(22)(15)
D0 → K0Sπ
þπ−η (−33, 32) 248.2 18.0 3.80 28.0(19)(10)
D0 → K0Sπ
0π0η (−56, 41) 64.7 9.2 1.58 17.6(23)(13)
D0 → πþπ−π0η (−57, 45) 508.6 26.0 6.76 32.3(17)(14)
Dþ → K0Sπ
þη (−36, 36) 1328.2 37.8 6.51 130.9(37)(31)
Dþ → K0SK
þη (−27, 27) 13.6 3.9 4.72 1.85(52)(08)
Dþ → K−πþπþη (−33, 33) 188.0 15.3 8.94 13.5(11)(04)
Dþ → K0Sπ
þπ0η (−49, 41) 48.7 9.7 2.57 12.2(24)(06)
Dþ → πþπþπ−η (−40, 38) 514.6 25.7 9.67 34.1(17)(10)
Dþ → πþπ0π0η (−70, 49) 192.5 17.1 3.86 32.0(28)(17)
PHYSICAL REVIEW LETTERS 124, 241803 (2020)
241803-5
For the decays involving K0S, the net DT yields are
obtained by NDT ¼ NfitDT − 12 ðNfitsid-1 − Nfitsid-2Þ − 14Nfitsid-2 ¼
NfitDT − 12N
fit
sid-1 þ 14Nfitsid-2, where NfitDT and Nfitsid-i are the fitted
DT yields in the K0S signal region and sideband i region,
respectively. This relation has been verified based on MC
simulation. For the other decays, the net DTyields are NfitDT.





, where Lmax andL0 are the
maximum likelihoods with and without the signal compo-
nent in the fits, respectively. The effect of combinatorial
πþπ− backgrounds in the K0S signal regions has been
considered for the decays involving K0S. The statistical
significances of the four decays with lowest yields,






are 5.5σ, 2.8σ, 5.7σ, and 8.4σ, respectively; those for the
other decays are all greater than 10σ.
To determine the signal efficiencies (ϵsig), the D → K̄πη
decays are simulated with a modified data-driven generator
BODY3 [35], which was developed to simulate different
intermediate states in data for a given three-body final state.
The Dalitz plot of M2K̄π vs M
2
πη found in data, corrected for
backgrounds and efficiencies, is taken as input for the
BODY3 generator. The efficiencies across the kinematic
space are obtained with MC samples generated with the






0π0η, and Dþ → K0SK
þη, K0Sπ
þπ0η decays
cannot be determined due to limited statistics; these decays
are therefore simulated with the PHSP generator. Each of the
other decays is simulated with a mixed signal MC sample.
Here, the decays generated with PHSP generator and the
decays containing Kð892Þ, ρð770Þ, and a0ð980Þ inter-
mediate states are mixed with fractions obtained by
examining the corresponding invariant mass spectra. The
data distributions for momenta and cos θ (where θ is the
polar angle in the eþe− rest frame) of the daughter particles,
and the invariant masses of each of the two- and three-body
particle combinations, agree with the MC simulations. The
differences between the DT efficiencies obtained with the
BODY3 and PHSP generators will be assigned as a systematic
uncertainty.
The values for NDT, ϵsig, and the BFs of the signal decays
are summarized in Table I. The BF upper limit for D0 →
K0SK
0
Sη at 90% confidence level is determined to be
< 2.4 × 10−4 using the Bayesian approach after incorpo-
rating the systematic uncertainty [46].
The systematic uncertainties arise from the sources
discussed below and are estimated relative to the measured
BFs. The uncertainties in the total ST yields come from the
MtagBC fits to the ST D̄ candidates, which were determined as
0.5% for both neutral and charged D̄ [37–39]. The
systematic uncertainties of the tracking efficiencies are
found to be (0.2–0.5)% per K or π, while those for PID
efficiencies are taken as (0.2–0.3)% per K or π, by using
DT DD̄ hadronic events. The systematic uncertainty in K0S
reconstruction is estimated to be 1.6% per K0S by using the
J=ψ → Kð892Þ∓K and J=ψ → ϕK0SKπ∓ candidates
[47]. The systematic uncertainty of the π0 reconstruction
is assigned as (0.7–0.8)% per π0 from studies of DT DD̄
hadronic decay samples of D0 → K−πþ, K−πþπþπ− vs
D̄0 → Kþπ−π0, K0Sπ
0 [37,38]. The systematic uncertainty
for η reconstruction is taken to be the same as that for π0.
The uncertainties of the quoted BFs of K0S → π
þπ−,
η → γγ, and π0 → γγ decays are 0.07%, 0.5%, and
0.03% [11], respectively.
To estimate the systematic uncertainty in 2D fit, we
repeat the fits by varying the signal shape, the endpoint of
























































































































































































FIG. 1. Projections onMtagBC andM
sig
BC of the 2D fits to the DT candidate events. Data are shown as dots with error bars. Blue solid, red
dotted, blue dot-dashed, black dot-long-dashed, green long-dashed, and pink dashed curves denote the overall fit results, signal, BKGI,
BKGII, BKGIII, and PBKG components (see text), respectively.
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yield (1σ of the quoted BF). The systematic uncertainty
of the DD̄ opening angle requirement is assigned as 0.4%
by using the DT events of D0 → K−πþπ0. The systematic
uncertainty due to the ΔEsig requirement is assigned to be
0.3%, which is the largest efficiency difference with and
without smearing the data-MC Gaussian resolution
of ΔEsig for signal MC events. Here, the parameters of
the Gaussian are obtained by using the DT samples
of D0 → K0Sπ
0, K−πþπ0, K−πþπ0π0, and Dþ →
K−πþπþπ0. The systematic uncertainties due to the choice




are assigned by examining the changes of the BFs when
varying the nominal K0S sideband and rejection windows by
5 MeV=c2. The uncertainties due to limited MC statistics
(0.3–1.1)% are considered as a source of systematic
uncertainty.
The systematic uncertainties in MC modeling are cat-
egorized into three cases. For the D → K̄πη decays, the
differences between the DT efficiencies obtained with the
BODY3 and PHSP generators are assigned as the uncertain-
ties. For the decays whose efficiencies are estimated with
the PHSP generator, the uncertainties are assigned by
referring to the largest change of the efficiencies among
D0 → K−πþη, K0Sπ
0η, and Dþ → K0Sπ
þη. For the decays
whose efficiencies are estimated with the mixed signal MC
events, the systematic uncertainties are assigned as the
change of the DT efficiency after removing the smallest
component.
The D0D̄0 pairs are produced coherently at the ψð3770Þ.








0π0η, and πþπ−π0η, the measured BFs are affected by
various CP components due to quantum-correlation (QC)
effects. The fractions of CPþ components in these decays
are examined by the CPþ tag ofD0 → KþK− andCP− tag
of D0 → K0Sπ
0, with the same method described in
Ref. [48], and the necessary parameters are taken from
Refs. [49–51]. The obtained impact of QC effects on the
BFs (fQC) is shown in Table I of the Supplemental Material
[44]. The signal efficiencies are corrected by the corre-
sponding fQC factors; the residual statistical errors of fQC
are assigned as the systematic uncertainties.
For each signal decay, the total systematic uncertainty is
obtained by adding the above effects in quadrature. The
systematic uncertainties for the various signal decays are
given in Table II of the Supplemental Material [44] and the
individual absolute systematic errors are summarized in
Table I of text.
For the six decay modes with the highest yields, the BFs
of D and D̄ decays, Bþsig and B
−
sig
, are measured separately.
Their asymmetry is determined by AsigCP ¼ ðBþsig − B−sigÞ=
ðBþsig þ B−sigÞ. The obtained BFs and asymmetries are
summarized in Table II. We find no statistically significant
CP violation. Several systematic uncertainties cancel in the
asymmetry: the tracking and PID of πþπ−=KþK− pair, K0S
reconstruction, π0=η reconstruction, quoted BFs, K0S side-
band choice, K0S=ω=η
ð0Þ=ϕ rejection windows, MC model-
ing, and strong phase of D0 decays. The other systematic
uncertainties are estimated separately as above.




3.773 GeV with the BESIII detector, we report the first
measurements of the absolute BFs of 14 exclusive D0ðþÞ
decays to η. Summing over the BFs measured in this work,
and using the world averaged values of other known decays
[11], the total BFs of all the exclusive D0 and Dþ decays
to η are determined to be ð8.62 0.35Þ% and
ð4.68 0.18Þ%, respectively. Here, the systematic uncer-
tainties of NST, K=π tracking and PID, K0S and η
reconstruction, and the quoted BFs are correlated. They
are consistent with the corresponding inclusive rates ð9.5
0.9Þ% and ð6.5 0.7Þ%within 0.9σ and 2.5σ, respectively,
leaving little room for other exclusive decays involving η.
The reported BFs provide key inputs for accurate back-
ground estimations in LFU tests with semileptonic B
decays, which are crucial to explore possible new physics
beyond the SM. The obtained BðD0 → K−πþηÞ agrees
with the recent Belle result [11,12] within 1.3σ, with
precision improved twofold. Our BðD0 → K0Sπ0ηÞ is
greater than CLEO’s result [11,13] by 3.7σ. Combining
the measured BðD0 → K0Sπ0ηÞ with the fit fraction
BðD0 → K̄ð892Þ0η; K̄ð892Þ0 → K0Sπ0Þ=BðD0 → K0Sπ0ηÞ
from CLEO [13], we find BðD0 → K̄ð892Þ0ηÞ ¼ ð1.77
0.44Þ%, where the uncertainty is dominated by the fit
fraction. This deviates from various theoretical calculations
[18,19,23] by 1.9–2.9σ. Future amplitude analyses of these
decays at BESIII [52] and Belle II [53] will open a window
to extract more two-body hadronic D decays, which are
important to understand quark U-spin and SU(3)-flavor
symmetry breaking effects and will be beneficial for the
predictions of D0D̄0 mixing and CP violation in D decays
[18,19,23]. In addition, we determine the asymmetries of
the charge-conjugated BFs for the six D decays with
highest yields, and we find no statistically significant
CP violation.
BESIII Collaboration thanks the staff of BEPCII and the
IHEP computing center for their strong support. This work




asymmetries (AsigCP). The first and second uncertainties are
statistical and systematic, respectively, for AsigCP; uncertainties








D0 → K−πþη 182.1 3.5 189.1 3.6 −1.9 1.3 1.0
D0 → K0Sπ
0η 98.4 4.8 106.3 5.1 −3.9 3.2 0.8
D0 → K−πþπ0η 41.7 2.7 48.8 3.2 −7.9 4.8 2.5
D0 → πþπ−π0η 29.8 2.2 33.3 2.5 −5.5 5.2 2.4
Dþ → K0Sπ
þη 129.9 5.3 132.3 5.4 −0.9 2.9 1.0
Dþ → πþπþπ−η 35.4 2.4 33.7 2.4 þ2.5 5.0 1.6
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